Abstract. Tissue factor (TF) is known to play a role in tumor progression. In retinoblastoma, the expression and role of TF has not been determined yet. Herein, we demonstrated for the first time that TF is closely related to the proliferation of retinoblastoma cells, which could be therefore effectively suppressed by blockade of the TF pathway. TF was selectively expressed on the areas of highly mitogenic activity in an orthotopic transplantation mouse model of retinoblastoma. In addition, the levels of TF expression in retinoblastoma cells were elevated after FGF2 treatment, whereas the proliferative effect of FGF2 on retinoblastoma cells was significantly inhibited by blockade of the TF pathway via TF pathway inhibitor (TFPI). Interestingly, retinoblastoma cells cultured with FGF2 showed increased phosphorylation of both Akt and ERK1/2. Addition of TFPI nearly abolished the FGF2-induced phosphorylation of Akt and ERK1/2 in retinoblastoma cells. Therefore, our data suggest that TF expression in retinoblastoma cells is closely related to tumor cell proliferation and TFPI has the potential to inhibit retinoblastoma cell proliferation via the inhibition of both Akt and ERK1/2 activation.
Introduction
Retinoblastoma is the most common intraocular tumor in childhood which is hypervascular in nature and increased vascular density of retinoblastoma is related to poor prognosis (1). Chong and colleagues found that extensive necrosis in retinoblastoma tissue indicates a poor prognosis and suggested thrombosis as a possible cause of extensive necrosis (2) . Activation of coagulation is a common feature of several cancers and TF is a key molecule in cancer associated thrombosis (3, 4) .
Tissue factor (TF), a transmembrane glycoprotein well documented as the initiator of coagulation pathway, is also involved in intracellular signaling independent of the coagulation pathway (5) . TF forms a complex with coagulation factor VIIa and this complex acts through protease-activated receptors (PARs) to induce intracellular signals. TF is involved in diverse patho-physiological processes including angiogenesis and artherosclerosis via stimulating the proliferation of endothelial cell and vascular smooth muscle cells. In several cancer types, the expression of TF by tumor cells is related to tumor progression (6) (7) (8) . It has been established that TF participates in tumor cell survival, tumor growth, angiogenesis and metastasis (6) (7) (8) (9) (10) . TF is also known to promote mitosis of tumor cells (11) .
In smooth muscle cells and human BOSC23 cells, ERK1/2 pathway was identified to mediate TF stimulated cell proliferation (12, 13) , but still little is known about the mechanism responsible for TF-induced cellular proliferation, especially in tumor cells. TF could exert a role in promoting cell proliferation largely in two mechanisms. First, TF affects tumor cell proliferation through the activation of coagulation cascade. Thrombin is a mitogenic agent for fibroblast, endothelial cells and smooth muscle cells (14) (15) (16) . In the presence of TF, thrombin mediated proliferation was identified in glioma cells (11) . On the other hand TF could also affect tumor proliferation via TF-FVIIa-PAR signaling. Selective blocking of either coagulation or direct signaling function of TF showed that direct signaling through TF-FVIIa-PAR2 is sufficient for inhibiting the growth of breast cancer in a xenoplantation model (17) .
Tissue factor pathway inhibitor (TFPI) is a natural trivalent Kunitz-type inhibitor of TF, which is mainly synthesized in the vascular endothelium. Domain 1 and 2 of TFPI inhibits Tissue factor is involved in retinoblastoma cell proliferation via both the Akt and extracellular signal-regulated kinase pathways the TF;VIIa complex (18) and domain 2 inactivates the TF:VIIa;Xa complex. Also, the function of domain 3 (K3) is still unclear, but recently, Hembrough et al reported that the anti-proliferative effect of TFPI relies on K3 and carboxylterminal at least in part and this action is mediated by VLDL receptor (19) . TFPI is known to inhibit the proliferation of vascular endothelial cells and human neonatal aortic smooth muscle cells (19) (20) (21) . However, there is scarce data on the exact intra-cellular signaling responsible for the TFPI induced inhibition of mitosis.
The expression of TF in retinoblastoma is undetermined and its possible role in retinoblastoma is unknown. In the present study, we tested the hypothesis that retinoblastoma cells express TF, the expression of TF is related to the proliferation of retinoblastoma cells and whether TFPI inhibits the proliferation of retinoblastoma cells. Finally, we evaluated the downstream signal pathways responsible for TF associated retinoblastoma cell proliferation.
Materials and methods
Cell culture. Y-79 (22) human retinoblastoma cell line which was purchased from American Type Culture Collection (Manassas, VA, USA) and SNUOT-Rb1 (23), a spontaneously immortalized human retinoblastoma cell line established by our group were used at passage 3-7. These cells were cultured at 37˚C in RPMI-1640 (WelGene, South Korea) containing penicillin-streptomycin (10 ml/l, Gibco-Invitrogen Corporation, Paisley, UK) with 10% fetal bovine serum (Gibco-Invitrogen Corporation). The culture media were refreshed every 3 days. For the induction of mitogenic stimuli, 18 kDa exogenous FGF-2 was used. FGF-2 of 18-, 22-, and 34-kDa isoforms are known to be expressed in the retinoblastoma cell lines and similar isoforms are found in LHBETATAG transgenic mouse (24, 25) . Cebulla et al reported that the 18 kDa exogenous FGF-2 induces the proliferation of WERI and Y-79 cell lines (24) . Sub-confluent cells were treated with or without 18 kDa recombinant FGF-2 (5 ng/ml) as a mitogen in combination with full-length recombinant human TFPI of various concentrations (0-100 ng/ml) for 24 h. Since Hembrough et al found that the antiproliferative activity of TFPI is diminished when Kunitz-3 and the carboxyl-terminus of TFPI is truncated (19), we used a full-length recombinant human TFPI which was purchased from American diagnostica.
Orthotopic transplantation mouse model of retinoblastoma.
For inducing intraocular tumorigenesis, Y79 cells were injected into the intravitreal cavity of BALB/c-nude mice as our group previously described (23) . Cultivated Y79 cells were harvested, and suspended in cold PBS (4˚C), a concentration of 2.5x10 6 cells per 20 µl, and then injected into intravitreal cavity of mice using 30-gauge needle. Four weeks after injection, mice were examined for adequate tumorigenesis, and enucleated.
Histological examination and immunohistochemistry.
Formalin-fixed, paraffin embedded blocks of tumors were sectioned (4 µm) and were de-paraffinized through xylene and alcohols. After the de-paraffinization, tumor sections were incubated with proteinase K at 37˚C. Then treated with 3% hydrogen peroxide to block endogenous peroxidase activity and with blocking kit (Zymed Laboratories, San Francisco, CA, USA) to avoid nonspecific binding. Prepared sections were incubated overnight with 1:100 anti-TF rabbit polyclonal antibody (sc-30201, Santa Cruz Biotechnology, CA, USA) at 4˚C. After rinsing with PBS, sections were incubated with goat anti-rabbit biotinylated secondary antibody (Invitrogen) and followed by streptavidin horseradish peroxidase. The bound antiserum was visualized by incubating with 3-amino-9-ethylcabazole (AEC, Dako Company, Carpinteria, CA, USA). After counterstained with Methyl green, sections were observed by light microscopy. Same procedure was performed with 1:200 anti-Ki-67 rabbit polyclonal antibody (ab15580, Abcam, Cambridge, UK). Primary antibodies were omitted for negative control. TF immunoreactivity is prominent in the area of retinoblastoma cells with high nuclear/cytosolic ratio while the area with low nuclear/cytosolic ratio is not stained with anti-TF antibody. Scale bar: 50 µm (A). In a serial section, TF expressing tumor cells (B) showed strong immunoreactivity to Ki-67 whereas the adjacent TF negative areas showed relatively weak immunoreactivity (C). Scale bars: 200 µm.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The degree of cellular proliferation was quantified by estimating the number of viable cells with the MTT assay. Cells (1x10 5 /well) were plated in 96-well plates and cultured overnight. Cells were cultured with FGF-2 (5 ng/ml, Chemicon International), TFPI (American Diagnostica) and signal pathway inhibitors of various concentrations (0, 10, 100 ng/ml) for 24 h. The medium was then replaced with the mixture of fresh culture medium and 0.5 mg/ml MTT solution. Cells were incubated for 2 h at 37˚C, 5% CO 2 and then, re-incubated for 10 min with DMSO at 37˚C. Following the reaction, absorbance was measured at 540 nm. The absorbance from treatment groups was compared with untreated controls, cultured with standard serum containing medium.
Western blot analysis. The expression of TF and the phosphorylation status of Akt and ERK1/2 were determined by Western blot analysis. Cells were treated according to the previously mentioned protocol. After the treatment, cells were harvested and lysed for protein extraction. The protein concentration in the cytosolic fraction was measured using a BCA protein assay kit (Pierce, Rockford, IL, USA). Protein extracts (20 µg for each) were separated by gel electrophoresis and then transferred to nitrocellulose membranes. Membranes were blocked for 30 min with skimmed milk for the prevention of nonspecific binding and incubated overnight at 4˚C with primary antibodies (anti-TF, anti-Akt, anti phospho-Akt, anti-ERK1/2, anti phospho-ERK1/2, and anti-β-actin antibodies) in the concentration of 1:1000. Washed membranes were re-incubated with secondary antibodies (horseradish peroxidaseconjugated anti-rabbit or anti-mouse IgG) of 1:5000 dilution, and detected by ECL Plus™ Western Blotting Reagent Pack (GE Healthcare, Piscataway, USA). The blots were scanned using a flatbed scanner and the band intensity analysed using the TINA software program (Raytest, Staubenhardt, Germany).
Statistical analysis. Statistical differences between groups were evaluated with the Mann-Whitney U test. The cut-off value of statistical significance was set at p<0.05.
Results
Selective expression of TF in xenoplantation mouse model of retinoblastoma. Four weeks after the inoculation of Y-79 cell line, vitreal cavity was nearly completely occupied by tumor. In the xenograft mouse model of retinoblastoma, TF and Ki-67 expression was determined by immunohistochemical analysis. Only some tumor cells were recognized by TF antibodies. TF immunopositive cells showed high nuclear/ cytosolic ratio than adjacent TF immunonegative cells (Fig. 1A) . In a serial section, TF immunopositive cells (Fig. 1B) demonstrated stronger Ki-67 positivity (Fig. 1C) than TF immunonegative cells. This result could be interpreted that TF is selectively expressed by tumor cells with a high mitogenic activity.
The expression and FGF-2 induced up-regulation of TF in human retinoblastoma cell line. To determine whether TF is expressed by human retinoblastoma cells and whether mitogenic stimuli changes the level of TF expression in human retinoblastoma cells, SNUOT-Rb1 cells were treated with FGF-2 (5 ng/ml). FGF-2 is a well-known strong mitogen which is reported to be produced in human retinoblastoma (25) . Exogenous FGF-2 is also reported to induce the proliferation of human retinoblastoma cell lines (Y-79 and WERI) in a dose-dependent manner (24) . SNUOT-Rb1 cells showed a basal expression of TF under standard medium. When cells were exposed to FGF-2, the total protein level of TF was significantly increased from the first hour and sustained till the 6th hour (Fig. 2) .
The reversal of FGF-2-induced proliferation of human retinoblastoma cell by TFPI.
The effect of TFPI on the FGF-2 stimulated proliferation of retinoblastoma cell was assessed by MTT assay. First, the level of cellular proliferation in response to exogenous FGF-2 (5 ng/ml) was evaluated with MTT assay. As described previously, same number of SNUOT-Rb1 cells (1x10 5 cells/well) were plated in a 96-well plate and treated with FGF-2 (5 ng/ml) under various concentration of TFPI (0, 10, 100 ng/ml). After 24 h, SNUOT-Rb1 cells treated with exogenous FGF-2 showed increased level of relative density (1.42±0.18) compared to untreated controls (p=0.020), in concordance with a previous study (24) When SNUOT-Rb1 cells were co-treated with FGF-2 and TFPI of a concentration of 10 ng/ml showed decreased density (1.10±0.19) compared to cells treated with FGF-2 alone, but there was no statistical significance (p=0.070). The anti-proliferative effect of TFPI against FGF-2 became significant (p=0.002) at a concentration of 100 ng/ml. With this concentration of TFPI, the relative density (1.04±0.13) did not showed significant difference (p= 0.294) from that of control (Fig. 3) . On the other hand, SNUOT-Rb1 cells treated only with TFPI did not show significant decrement of density compared to untreated controls (data not shown).
FGF-2 induces activation of both Akt and ERK1/2.
As the ERK1/2 and Akt activation are well known intracellular signals involved in the cellular proliferation, we evaluated the change in activities of these signals after FGF-2 treatment in retinoblastoma cells. Following FGF-2 treatment, the phosphorylation of Akt was immediately increased at 10 min and then decreased to the level of control within 30 min after the treatment (Fig. 4) . FGF-2 also induced the phosphorylation of ERK1/2 which was gradually increased in a time-dependent manner and reach to the peak level at 3 h, then decreased to pre-treatment level (Fig. 4) .
TFPI inhibits FGF-2-induced activation of both ERK1/2 and
AKt. Since TFPI effectively inhibits FGF-2 induced proliferation of retinoblastoma cells, we decided to assess the effect of TFPI on the intracellular signals which are evoked by proliferative stimuli of FGF-2. Retinoblastoma cells were incubated with 5 ng/ml FGF-2 and 100 ng/ml TFPI the concentration of which was found to inhibit FGF-2 stimulated proliferation of retinoblastoma cells by MTT assay. After 10 min, cells co-treated with FGF-2 and TPFI showed significantly decreased level of Akt phosphorylation compared to controls treated with FGF-2 alone (Fig. 4) . TFPI also affected the phosphorylation status of ERK1/2 from the 10th minute and this suppressive effect on ERK1/2 phosporylation was sustained thereafter (Fig. 4) .
Discussion
Previous clinicopathologic studies have revealed that TF is expressed in tumors and the level of TF expression is different according to degree of histologic grading (26, 27) . This is the first study to our knowledge that TF is expressed in retinoblastoma cells. Our study showed a selective expression of TF in xenoplantation mouse model of retinoblastoma. According to our result, TF is not expressed in all retinoblastoma cells, but only expressed in the cells with strong mitotic activity. We also found a concentration-dependent up-regulation of TF on retinoblastoma cells after FGF-2 treatment. Still little is known about the effect of FGF on the expression of TF except for endothelial cells. In HUVEC, FGF has been reported to suppress the transcription of TF (28). Therefore, our result of FGF2 induced TF up-regulation in retinoblastoma cell is a novel finding which is contrary to previous results. Above findings show a bidirectional correlation of TF and proliferative stimulus in the retinoblastoma cells.
The mechanism by which TF is involved in tumor growth is not clear yet, but several studies implicated that direct signaling by TF-VIIa complex independent of coagulation cascade is important in tumor progression. A recent study using monoclonal antibody which specifically blocks TF-VIIa signaling revealed that the TF-VIIa complex induces tumor growth via activation of PAR2 (17) . However, the downstream pathways responsible for mitogenic stimuli are not fully understood. Some authors postulated that the activation of ERK1/2 is indispensible for PAR mediated cellular proliferation (12, 29) .
In general, mitogen activated protein kinase (MAPK) pathways and PI3K/Akt pathways are two major intracellular signal pathways involved in cellular proliferation. The role of PI3K/Akt is well documented in endothelial cell proliferation. Sulpice et al showed that the activation of both ERK1/2 and PI3K/Akt is required for the FGF-2 induced proliferation of adrenal cortex capillary endothelial cells (30) . In malignant cells, the activation of ERK1/2 has been reported to be important in FGF-2 stimulated synovial sarcoma proliferation (31) . In this study, exogenous 18 kDa recombinant FGF-2 induced proliferation of SNUOT-Rb1 cells and activated both PI3K/Akt and ERK1/2 pathways in the concentration which resulted in cellular proliferation. SNUOT Rb-1 cells were cultivated with or without FGF-2 (5 ng/ml) in addition to various concentrations of TPFI (10 and 100 ng/ml). Cellular population was determined with MTT assay 24 h after treatment. FGF-2 treated group showed a 1.42-fold increment of cellular population compared to control (p=0.020). Co-treatment with TFPI 100 ng/ml suppressed the proliferative effect of FGF-2 (p=0.002) and the relative density of this group did not show statistically significant difference from that of control (p= 0.249). Data represent the means ± SE from three independent experiments ( * p<0.05). Figure 4 . TFPI inhibits FGF-2 induced activation of both ERK1/2 and PI3K/AKt. SNUOT-Rb1 cells were treated with FGF-2 (5 ng/ml) with and without TFPI (100 ng/ml) and incubated for 12 h. At each time point, the phosphorylation status of Akt and ERK1/2 was evaluated by Western blot anlaysis. In the FGF-2 treated group, increased phosphorylation of both Akt and ERK1/2 was noted at different time points, whereas these effects were abolished in the group co-treated with TFPI (100 ng/ml).
The anti-proliferative effect of TFPI has been reported in endothelial cells and vascular smooth muscle cells. However, the mechanism of anti-proliferative effect of TFPI has to be elucidated. FGF-2-induced proliferation could be affected by TFPI in several mechanisms. First, TFPI could alter FGF-2 itself. Yu et al found that thrombin induces cellular proliferation by cleaving anti-proliferative high molecular weight (HMW) FGF-2 into pro-proliferative low molecular weight (LMW) FGF-2 (32) . In this study, to exclude the possibility that FGF-2 cleavage itself is affected by TFPI-induced suppression of prothrombin conversion into thrombin, we used LMW FGF-2 which does not need cleavage.
The inhibitory effect of TFPI on the retinoblastoma cell proliferation could be either dependent or independent of coagulation pathway. TF-VIIa-dependent PAR2-mediated signal or TF-independent different pathway could be the coagulation pathway independently on which TFPI exerts anti-proliferative activity. Hembrough et al suggested that the anti-proliferative effect might not depend on the inhibition of TF-VIIa induced signaling, but partially through the VLDL receptor in endothelial cells (19) . However, specific polyclonal antibody to the VLDL receptor could not fully abolished TFPI-induced inhibition of endothelial cell proliferation. This implies another mechanism is required for understanding the anti-proliferative effect of TFPI. In this aspect, the antiproliferative effect of TFPI on retinoblastoma cells could be at least partially explained by the inhibitory activity of TFPI on TF-Vlla complex induced signaling. Moreover, the fact that both PI3K/Akt and ERK1/2 which are representative signal downstream to PAR were inactivated by TFPI may suggest a possible role of PAR in the suppressive effect of TFPI on FGF2 induced proliferation.
SNUOT-Rb1 cultured with TFPI and FGF-2 showed decreased proliferation compared with the group which was treated with FGF-2 alone, reaching nearly the level of untreated control group. However, TFPI alone did not demonstrate significant inhibitory effect on SNUOT-Rb1 cell proliferation. There could be three possible explanations for this phenomenon. First, Rauch and co-workers previously found that FGF2 is required for the thrombin and FXa-induced, PAR-1 mediated DNA synthesis (33) . Our finding that the antagonistic effect of TFPI against retinoblastoma cell proliferation only worked under the supplement of exogenous FGF2 might be explained by this permissive role of FGF2. Second, it is known that FGF2 selectively up-regulates PAR2 which is important in TF induced mitogenic activity (34) . FGF2 may also up-regulate PAR-2 in retinoblastoma cells and make them sensitive to the suppressive effect of FGF2-induced proliferation by TFPI. Third, FGF-2 mediated overexpression of TF might have influenced the inhibitory effect of the TFPI on SNUOT-Rb1 cells. In quiescent status, the retinoblastoma cell itself expresses low level of TF, but on proliferative stimulus, the expression of TF is increased, and then TFPI may exert antiproliferative effect via inactivation of the TF-Vlla complex.
Collectively, TF is selectively expressed in retinoblastoma cells, and resulting in tumor cell proliferation and survival. TF induced retinoblastoma proliferation depends on the activation of signals induced by FVIIa-TF complex and both Akt and ERK1/2 pathways are associated with FGF-2 induced retinoblastoma cell proliferation. TFPI is a potential candidate for human retinoblastoma treatment, but further study using an animal model is required.
